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Bacillus subtilisA nonsense mutation in SPO1 gene 40 prevented normal shutoff of both host DNA and host RNA synthesis,
showing that gp40 is required for the normal occurrence of both shutoffs. A gene 39 nonsense mutation
caused accelerated shutoff of both host DNA and host RNA synthesis (aided by a gene 38 nonsense mutation),
showing that gp39 (aided by gp38) limits the rate at which both shutoffs occur. The 40− mutation
suppressed the accelerative effects of the 39− and 38− mutations, showing that gp40 also plays an essential
role in the accelerated shutoffs. To the best of our knowledge, proteins with the particular activities implied
for gp39 and gp40 have not been identiﬁed in any other bacteriophage. SPO1 has at least three different
mechanisms that have the effect of delaying the shutoff of host DNA and RNA synthesis.© 2009 Elsevier Inc. All rights reserved.IntroductionWhen Bacillus subtilis is infected by bacteriophage SPO1, the phage
directs the remodeling of the host cell, converting it from a factory for
its own reproduction into a factory for reproduction of phage. Most
synthesis of host DNA, RNA, and protein is shut off, presumably to
prevent those syntheses from competing with the corresponding
phage biosyntheses for materials, energy, and access to biosynthetic
machinery (Stewart, 1993; Stewart et al., 2009).
A cluster of SPO1 genes (numbered from 37 to 60), occupyingmost
of the terminal redundancy, is believed to specify many of the proteins
that are involved in host-takeover, and therefore has been called the
“host-takeover module”. This designationwas based on the facts that:
(a) many of the genes in this cluster inhibited essential host processes
when expressed in uninfected cells; (b) this cluster included all of the
genes known to be highly-expressed at early times, when most host-
shutoff is taking place; and (c) most of the genes in the cluster have
promoters and ribosome-binding sites with sequences close to
consensus for optimal transcription and translation, presumably to
facilitate competition with host genes for access to the cellular
biosynthetic machinery (Wei and Stewart, 1993, 1995; Stewart et al.,
1998; Sampath and Stewart, 2004; our unpublished data).SA.
, TX 77077, USA.
l rights reserved.However, until now, only genes 44, 50, and 51 had been shown
experimentally to have a role in host-takeover, and their role was
apparently indirect, as they speciﬁed transcription factors which
regulated expression of the genes of the “host-takeover module”
(Sampath and Stewart, 2004). Here we make the ﬁrst demonstration
that one of the proteins speciﬁed by the host-takeover module, does,
in fact, play a direct role in host-shutoff. We show that a gene 40
mutation prevents normal shutoff of both host DNA and host RNA
synthesis, that a gene 38 and 39 double mutant accelerates shutoff,
and that the gene 40 mutation suppresses the accelerative effects of
the 38−39− mutations, thus showing that gp40 is essential for both
normal and accelerated shutoff of both host DNA and host RNA
synthesis, and that gp39 (sometimes with assistance from gp38)
limits the rate of occurrence of each shutoff.
Genes 37–40 constitute a single operon, the only delayed-early
operon in the host-takeover module (Stewart et al., 1998; Sampath
and Stewart, 2004). The delayed-early status may be important, since
Gage and Geiduschek (1971b) showed that transcription of at least
one gene necessary for shutoff of host DNA synthesis did not begin
until after the immediate-early period. Genes 39 and 40 are the two
largest genes in the host-takeover module, and are strongly expressed
during infection (Heintz and Shub,1982; Stewart et al., 1998; Sampath
and Stewart, 2004). The four genes 37 to 40 are packed tightly
together (genes 38 and 39 overlap, while genes 39 and 40 are
separated by a single nucleotide; Stewart et al., 1998), suggesting
translational coupling and joint activity (Oppenheim and Yanofsky,
1980; Costanzo et al., 1984; Lindahl and Zengel, 1986; Petersen, 1989;
McCarthy and Gaulerzi, 1990; Miller et al., 2003).
Fig. 2. Shutoff of host DNA synthesis. Rates of host DNA synthesis were measured, by
pulse-labeling with [methyl-3H] thymidine, as a function of time after infection by the
indicated strains. The graph shows TCA-precipitable kcpm; i.e. cpm×10−3. Symbols:
solid squares, wild-type; solid circles, 39− mutant; solid triangles, 40− mutant; solid
diamonds, 39−40− double mutant. All trends shown here were completely conserved
in repeated experiments.
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Effects of mutations on shutoff of host DNA synthesis
By site-speciﬁc mutagenesis, we introduced nonsense codons near
the beginning of each of genes 38, 39, and 40, and constructed various
combinations of double and triple mutants. Details of the procedure
are included inMaterials andmethods. Fig. 1 shows a map of the SPO1
genome, with an expanded view of the 37–40 operon, showing the
positions of the three mutations.
Fig. 2 shows typical results obtained when the effects of the
mutations on shutoff of host DNA synthesis were tested. That
shutoff was delayed by the 40− mutation but accelerated by the 39−
mutation, showing that gp40 is required for normal shutoff of host
DNA synthesis, and that gp39 is necessary to prevent an abnormal
acceleration of that shutoff. The 40− mutation was epistatic to 39−
in this respect (adding the 40− mutation to 39− completely negated
the effect of the 39− mutation, and produced a phenotype that was
nearly indistinguishable from that of the 40− mutation alone),
showing that gp40 is also required for the accelerated shutoff caused
by the 39− mutation. (Note that gene 40 is the last gene in this
operon (Fig. 1; Stewart et al., 1998), so the effects of the 40−
mutation cannot be explained by polarity effects on the expression
of gene 38 or 39.)
The 38− mutation, by itself, had little or no effect on this shutoff.
However, the double mutant, 38−39−, caused slightly more rapid
shutoff than did 39− alone, and the prevention of that accelerated
shutoff by the 40− mutation was less complete (data not shown).
Effects of mutations on shutoff of host RNA synthesis
Fig. 3 shows typical results obtained when the effects of the
mutations on shutoff of host RNA synthesis were tested. That shutoff
was delayed by the 40− mutation but accelerated by the 38−39−
double mutant, showing that gp40 is required for normal shutoff of
host RNA synthesis, and that gp38 and/or gp39 are necessary to
prevent an abnormal acceleration of that shutoff. (This differs from
the effect on host DNA synthesis in that both the 38− and the 39−
mutations are required to produce a substantial effect.) The 40−
mutation prevented the accelerative effect of the 38−39− double
mutant, showing that gp40 is also required for that accelerated
shutoff.Fig. 1.Map of relevant segments of the SPO1 genome. Panel A shows the entire 145.7 kb
genome, with the 13.2 kb terminal redundancy indicated by the crosshatched segments.
Within the redundant region, the solid gray segment indicates theposition of the gene37
to 40 operon. Panel B shows an expanded view of the 37–40 operon. Open rectangles
represent the coding regions of the four genes, with each gene number shownwithin its
rectangle. The positions of the putative promoter, PE1, and the putative transcription
terminator, TH1, for this operonare shownabove thediagram. Thedashed arrow, running
from the putative transcription start site to the putative transcription termination site,
shows the direction of transcription. Since it has not been shown deﬁnitively that PE1 is
the promoter used fordelayed-early transcription (Stewart et al., 2009), it is possible that
the start site shown is not precisely accurate. The site of the mutation in each gene is
indicated by a vertical dashed line, with the mutant codon just below.Effects of the mutations on SPO1 reproduction
None of the mutations in genes 38, 39, or 40, individually or in
combinations, caused any substantial effect on phage DNA synthesis
or burst size (data not shown). Thus, neither the acceleration of host-
shutoff by 38−39−, nor the delay in host-shutoff caused by 40−,
seemed to have a substantial deleterious effect under laboratory
conditions. The only consistently observed effect on the single-stepFig. 3. Shutoff of host RNA synthesis. Rates of RNA synthesis were measured, by pulse-
labeling with [5-3H] uridine, as a function of time after infection by the indicated
strains. See discussion of the limitations of this technique inMaterials andmethods. The
graph shows TCA-precipitable kcpm; i.e. cpm×10−3. Symbols: solid squares, wild-
type; solid circles, 38−39− double mutant; solid diamonds, 38−39−40− triple mutant;
solid triangles, 40− mutant. All trends shown here were completely conserved in
repeated experiments.
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rapid release of progeny than did wild-type, suggesting earlier lysis of
cells infected by the double mutant, although the ﬁnal burst size was
about the same for both. This effect, too, was suppressed by the
addition of the 40− mutation (data not shown).
Three mechanisms by which SPO1 delays host-shutoff
SPO1 has at least threemechanisms that have the effect of delaying
shutoff of host DNA and RNA synthesis: (1) gp40, whose activity is
required for normal shutoff as shown above, is speciﬁed by a delayed-
early gene (Sampath and Stewart, 2004); (2) gp39 has the activity of
preventing accelerated shutoff, as shown above; and (3) as shown by
Sampath and Stewart (2004), the products of genes 44, 50, and 51 also
prevent accelerated shutoff (presumably because they limit the
expression of host-shutoff genes, including gene 40).
Other proteins involved in shutoff
The fact that substantial shutoff still occurs during infection by the
40− mutant, and by each of the multiple mutants (Figs. 2 and 3),
suggests that other SPO1 gene product(s), in addition to gp38, gp39,
and gp40, are involved in host-shutoff.
Cause and effect relationships between different shutoffs
Shutoff of RNA and protein synthesis
The effects of themutations on shutoff of host protein synthesis are
similar to their effects on RNA synthesis (data not shown). We
presume that the effects on protein synthesis are indirect results of the
effects on RNA synthesis. We do not see the very rapid and complete
shutoff of host protein synthesis that is characteristic of T4, and that
implies the use of mechanisms for shutoff of host protein synthesis
that are independent of the shutoff of host RNA synthesis (Kutter,
1994; Cowan et al., 1994).
Shutoff of host DNA and RNA synthesis
Although the arguments are not deﬁnitive, it appears unlikely that
either shutoff causes the other. A priori, there is no obvious reason
why the abrupt shutoff of host RNA synthesis should cause equally
abrupt shutoff of host DNA synthesis, or vice versa. For instance, the
rapid inhibition of bacterial RNA synthesis by antibiotics has only a
gradual effect on the rate of bacterial DNA synthesis (e.g. Lark, 1972).
The experiments in Figs. 2 and 3 did not measure the timing of shutoff
precisely, but neither they nor other experiments with SPO1 (Gage
and Geiduschek, 1971a; Wilson and Gage, 1971; Sampath and Stewart,
2004) showany indication that either of the shutoffs must precede the
other. Moreover, both the 39−mutation (as discussed above) and the
44−50−51− triple mutation (Sampath and Stewart, 2004) have
effects on the shutoff of host RNA synthesis that are different, in
detail, from their effects on shutoff of host DNA synthesis.
Thus, it seems likely (although far from proven) that gp40
participates directly in the shutoff of both host DNA and RNA synthesis.
We speculate that itmight do so by targeting a single host function that
is needed for both DNA and RNA synthesis. The integrity of the host
chromosome might be one such bi-functional target, but, if that is the
function targetedbygp40, the attackmust bemore subtle than the total
degradation caused, for instance, by E. coli bacteriophages T1, T4, T5,
and T7, since SPO1 infection has no obvious effect on the structural
integrity of B. subtilis DNA (Yehle and Ganesan, 1972).
Since genes 37–40 constitute a single operon, with the genes
packed so closely together as to suggest translational coupling and
joint activity (see references above), we further speculate that gp39
and (possibly) gp38 may also participate directly in both shutoff
processes, acting in such a way as to limit the rate at which the
shutoffs occur.Comparisons with host-shutoff mechanisms of other bacteriophages
None of gp38, gp39, or gp40 showed signiﬁcant sequence similarity
to anyother knownprotein, as determinedbyBLASTsearch (Altschul et
al., 1990). (The accession numbers for the sequence of the host-
takeover module and for the complete SPO1 sequence are AF031901
and FJ230960 respectively (Stewart et al., 1998, 2009)). The pheno-
types of themutants also suggest that themechanisms by which these
SPO1 proteins act may differ from those of previously studied phage
proteins. Although host-shutoff mechanisms have been studied
extensively in other bacteriophages (Kutter, 1994; Nechaev and
Severinov, 2003, 2008; German et al., 2006; Kazmierczak and
Rothman-Denes, 2006; Mosig and Eiserling, 2006; Molineux, 2006;
Sayers, 2006), we are not aware of any phage protein, other than SPO1
gp40, that is required for normal shutoff of both host DNA and RNA
synthesis, without causing degradation of the host genome. The only
activities that we are aware of in other phage that would cause both
shutoffs are those, suchas inT1, T4, T5, andT7, that causedegradationof
the host genome (Kutter, 1994; German et al., 2006; Molineux, 2006;
Sayers, 2006), and, at least in the case of T4, even thoseactivities arenot
necessary for shutoff, since mutations that prevent degradation do not
prevent either shutoff (Kutter,1994). The T4 alc− and ndd−mutations,
which do prevent normal shutoff of host RNA and DNA synthesis,
respectively, do not prevent the other shutoff (Kutter, 1994).
Similarly,wearenot awareofanymutant, inanyotherphage system,
that causes a phenotype like those of the SPO1gene 38−39−mutant, or
the SPO1 44−50−51− mutant (as discussed previously: Sampath and
Stewart, 2004), in which the onset of host-shutoff is accelerated.
Alternative hypothesis for the accelerative activity of the 39− mutation
There is a possible internal ribosome-binding site within the last
one-third of gene 39. The 11 nucleotide spacing between its GGAGG
and its initiation codon (where 8 nucleotide spacing is optimal)makes
it uncertain whether this site would be active in initiating protein
synthesis (B. subtilis ribosome-binding sites have a particularly
stringent requirement for conformation to the consensus sequence
(Mountain, 1989)), but, if it did, that would cause synthesis of a
peptide containing the C-terminal 70 amino acids of the 255 amino
acid gp39. It is possible that that portion of gp39 may be responsible
for the accelerated host-shutoff that occurs during infection by the
39− mutant, and that the regulatory activity of gp39 might include
an intramolecular effect in which the N-terminal portion of gp39
prevents that hypothetical activity of the C-terminal 70 amino acids.
We are not aware of any data that would support that hypothesis,
but, even if true, it would not change the conclusion that the intact
gp39 regulates the timing of shutoff by preventing the accelerated
shutoff that occurs when the intact gp39 is absent.
Materials and methods
Growth
Procedures for growth of bacteria and bacteriophage were as
described previously (Glassberg et al., 1977; Wei and Stewart, 1993;
Sampath and Stewart, 2004). Routine propagation of phage cultures
was at 37° in veal-yeast extract (VY) medium on CB313, a nonsense-
suppressor strain.
Mutagenesis
Mutagenesis followed the procedure described by Sampath and
Stewart (2004). For each of genes 38, 39, and 40, the cloned gene
was mutagenized using the Stratagene QuikChange kit. In each case,
a nonsense codon was substituted for an early lysine codon. In gene
38, with 191 codons, the 10th codon was mutated from AAA to TAG.
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to TAA. In gene 40, with 351 codons, the 10th codon was mutated
from AAA to TAG. The positions of the mutations are shown in Fig. 1.
Each mutant plasmid was allowed to recombine with superinfecting
SPO1, and recombinant progeny were identiﬁed by plaque-lift
hybridization, using the Amersham ECL 3′-oligolabelling and
detection kit. Since these genes are in the terminal redundancy,
the initial recombinant was usually a heterozygote, which had to go
through another growth cycle to segregate homozygous mutants.
These were formed naturally as one consequence of the conversion
of concatemers to unit length genomes for packaging (Cregg and
Stewart, 1978). Multiple mutants were produced by successive
recombination with the appropriate mutant plasmids, and all
genotypes were conﬁrmed by DNA sequencing. The mutants were
propagated on a suppressor strain, CB313, which inserts lysine at
nonsense codons.
Pulse-labeling
Rates of DNA and RNA synthesis were measured in C4 medium at
30°, as described previously, infecting the nonsuppressing strain,
CB10, with the indicated SPO1 strains at a multiplicity of infection of
approximately 5 (Wei and Stewart, 1993; Sampath and Stewart,
2004).
Rates of host DNA synthesis were measured by pulse-labeling for
ﬁve minutes with [methyl-3H] thymidine, precipitating with TCA, and
counting the precipitate. In each case, the zero minute sample was
obtained from a parallel uninfected culture. Since SPO1 has hydro-
xymethyluracil in place of thymine in its DNA (Okubo et al., 1964),
pulse-labeling with [methyl-3H] thymidine speciﬁcally measures the
rate of host DNA synthesis.
Rates of RNA synthesis were measured by pulse-labeling for ﬁve
minutes with [5-3H] uridine, precipitating with TCA, and counting the
precipitate. In each case, the zero minute sample was obtained from a
parallel uninfected culture. Measurement of the shutoff of host RNA
synthesis is not as precise as that of host DNA synthesis for two
reasons: (1) Host RNA synthesis is not entirely shut off during SPO1
infection. Ribosomal RNA synthesis continues, and constitutes a
signiﬁcant fraction of total RNA synthesis even late in infection
(Shub, 1966; Gage and Geiduschek, 1971a). (2) [5-3H] uridine also
labels phage RNA, so each data point from infected cells represents the
sum of host and phage RNA synthesis. Nevertheless, reasonable
estimates of the extent of host-shutoff can bemade, because total RNA
synthesis in uninfected cells is substantially greater than that in
infected cells. The measured decrease in total RNA synthesis provides
a minimum estimate of the extent to which host RNA synthesis was
shut off in each culture.
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